The high affinity iron uptake complex in the yeast plasma membrane (PM) consists of the ferroxidase, Fet3p, and the ferric iron permease, Ftr1p. We used a combination of yeast two-hybrid analysis, confocal fluorescence microscopy, and fluorescence resonance energy transfer (FRET) quantification to delineate the motifs in the two proteins required for assembly and maturation into an uptakecompetent complex. The cytoplasmic, carboxyl-terminal domain of each protein contains a four-residue motif adjacent to the cytoplasm-PM interface that supports an interaction between the proteins. This interaction has been quantified by two-hybrid analysis and is required for assembly and trafficking of the complex to the PM and for the ϳ13% maximum FRET efficiency determined. In contrast, the Fet3p transmembrane domain (TM) can be exchanged with the TM domain from the vacuolar ferroxidase, Fet5p, with no loss of assembly and trafficking. A carboxyl-terminal interaction between the vacuolar proteins, Fet5p and Fth1p, also was quantified. As a measure of the specificity of interaction, no interaction between heterologous ferroxidase permease pairs was observed. Also, whereas FRET was quantified between fluorescent fusions of the copper permease (monomers), Ctr1p, none was observed between Fet3p and Ctr1p. The results are consistent with a (minimal) heterodimer model of the Fet3p⅐Ftr1p complex that supports the trafficking of iron from Fet3p to Ftr1p for iron permeation across the yeast PM.
The high affinity iron uptake complex in the plasma membrane of Saccharomyces cerevisiae consists of two proteins at least (1) (2) (3) (4) . Fet3p is a multicopper oxidase (MCO) 2 that catalyzes the oxidation of Fe(II) to Fe(III) using O 2 as substrate in what is known as the ferroxidase reaction (5). The Fe(III) generated by Fet3p is ligand for the iron permease, Ftr1p (6) . Fet3p is a type I membrane protein with an orientation that places the amino-terminal oxidase domain in the exocellular space (N exo ) and the carboxyl terminus in the cytoplasm (C cyt ) (1, 7) . Ftr1p, which has seven transmembrane (TM) domains, has an identical orientation, N exo /C cyt (8) . Iron uptake through this complex is thought to follow the sequence Fe(II) oxidation by Fet3p, Fe(III) trafficking to Ftr1p, and Fe(III) permeation through Ftr1p into the cytoplasm. Amino acid residues on both Fet3p and Ftr1p have been identified that are essential to one or more of these steps in iron uptake (8 -11) .
This model requires that Fet3p and Ftr1p are in close proximity in the plasma membrane, if not in an actual protein complex. Data do indicate that these two proteins are part of a hetero-oligomeric complex, either a dimer or higher order structure. The most compelling evidence for this complex is the fact that trafficking of either protein to the plasma membrane (PM) requires the presence of the other (6, 8, 11) . For example, Fet3p produced in an ftr1⌬-containing yeast strain remains in perinuclear and vesicular compartments (8, 11) . This interdependence in trafficking for both proteins has been vividly demonstrated using fluorescent fusions of Fet3p and Ftr1p. These fusion proteins exhibit wild type trafficking and iron uptake characteristics, making them excellent reporters for the former process (8, 11) . There are no data that directly show an interaction between the two proteins e.g. via a yeast two-hybrid analysis.
In contrast, interaction trap technology has shown an interaction between the Fet3p⅐Ftr1p paralogs in S. cerevisiae, Fet5p and Fth1p (12, 13) . These two proteins form an iron permease complex in the membrane of the yeast vacuole. The orientation of this complex is equivalent to that of the Fet3p⅐Ftr1p one (N lum /C cyt ); therefore, the Fet5p⅐Fth1p complex most likely transports iron out of the vacuole into the cytoplasm (13) . FET5 was isolated as a high copy suppressor of the ironuptake (respiratory) deficiency of a fet3⌬-containing strain indicating that Fet5p could functionally replace Fet3p in the Fet3p⅐Ftr1p complex. However, this complementation, although sufficient to support iron uptake, was kinetically limited, suggesting that Fet5p⅐Ftr1p complex formation, trafficking, and/or activity was driven by the overproduction of Fet5p and not by a native-like interaction between the two proteins (14) .
A similar specificity in ferroxidase permease protein partners is indicated also by the behavior of the Schizosaccharomyces pombe Fio1 and Fip1 proteins (ferroxidase and permease, respectively) when produced in S. cerevisiae. Although simultaneous expression of both S. pombe genes, fio1 ϩ and fip1 ϩ , nicely restored iron uptake in a fet3⌬-containing S. cerevisiae strain, expression of fio1 ϩ alone did not (15) . In other words, although the S. pombe proteins were processed and trafficked normally in S. cerevisiae, the S. pombe ferroxidase, Fio1, cannot assemble with Ftr1p, even when the former protein is overproduced. In addition to its interaction with Ftr1p, Fet3p undergoes two other post-translational modifications; it is strongly glycosylated, and it must acquire its four prosthetic group copper atoms characteristic of all MCO proteins (4) . The relationships between these three post-translational events and between them and the trafficking of the proteins to the plasma membrane have not been fully elucidated, although some key aspects have been established. First, the Fet3p produced in the absence of Ftr1p does not acquire its copper atoms but remains in an apo form mostly confined to perinuclear compartments (6, 8, 11, 16, 17) . In comparison, Fet3p produced in the presence of Ftr1p but in a copper-defi-cient cell or in a cell carrying a defective CCC2 gene is found at the plasma membrane, again in its apo form (6, 16 -18) . In other words Ftr1p is required for normal trafficking, but copper acquisition is not. Corresponding to this behavior is the normal membrane localization of a Fet3p protein engineered to lack one of its four copper atoms, Fet3p(T1D) (19) . With respect to CCC2, this gene encodes a P-type Cu-ATPase that likely pumps copper into a trans-or post-Golgi compartment and thereby supplies the copper for Fet3p activation (16, 18) . There is no firm evidence that complex assembly, trafficking out of the perinuclear compartment(s), or copper loading is linked to Fet3p glycosylation or vice versa. apoFet3p retained in the endoplasmic reticulum (ER) in an ftr1⌬-containing strain is still glycosylated, although only by the addition of the (GlcNAc) 2 -Man(Man) core to the protein 13 likely N-linked glycosylation sites of the protein (6, 20, 21) .
As part of our systematic analyses of the structure-function relationships in Fet3p and Ftr1p, we wished to explore the structural features of these two proteins that were required for their assembly into an activation-and trafficking-competent complex. We first combined two-hybrid analysis with confocal fluorescence microscopy to correlate the Fet3p⅐Ftr1p interaction with the cell locale of each protein or of the protein complex. Using fluorescence resonance energy transfer (FRET) we demonstrated also that the two proteins were adjacent to each other if not in a specific complex. In these analyses, we used a number of mutant forms of both proteins to establish a pattern of structure-function with respect to the interactions within and trafficking of the Fet3p⅐Ftr1p complex. This pattern was then correlated to the copper activation of the apoFet3p as indicated by oxidase assay and the ability of the protein to support iron uptake.
MATERIALS AND METHODS
Strains, Media, and Culture Conditions-The strain used in the majority of the studies described was AJS05, which was derived from DEY1457 (MAT␣ can1 his3 leu2 trp1 ura3 ade6) (22) . The AJS05 genotype is MAT␣ can1 his3 leu2 trp1 ura3 ade6 fet3::HIS3 ftr1::TRP1 aft1::AFT1-1 up KAN. The AFT1-1 up allele codes for a constitutively active form of the Aft1p transcription factor that drives expression of the FET3 (and FTR1) locus (23) . In this background, expression of episomally expressed wild type and mutant alleles of FET3 and FTR1 and of the chimeric genes was maximized affording cultures that contained the protein partners in the plasma membrane as described. Briefly, AJS05 was constructed by first amplifying the AFT1 gene (ϩ93 to ϩ2570) containing the C591F Aft1-1 up mutation from vector pT14 (24) . The fragment was cloned into the multiple cloning site in pFA KanMX (25) . BamHI, which cleaves AFT1 at base pair 306, was used to linearize the plasmid. The linear fragment was integrated in the yeast strain DEY1457fet3⌬ftr1⌬; integrants were selected on G418-containing plates. Genomic DNA was isolated from the transformants, and integration was confirmed by PCR. The Aft1-1 up phenotype was confirmed by determining the iron uptake in transformants in the presence or absence of 500 M ferrozine. A clone showing similar iron uptake in the presence or absence of iron chelator was selected for further experiments.
To assess the retrieval of Fet3 species from the plasma membrane to the vacuole, a fet3⌬end3⌬-containing strain was used that was derived from the END3 knock-out strain, YO2992 (Open Biosystems, Huntsville, AL). The genotype of this strain was MATa his3 leu2 met15 ura3 fet3::HIS end3::KAN. The parental, End3 ϩ strain constructed was BY4741fet3::HIS3. The pSZ1 plasmid used to assess the presence of the unfolded protein response (UPR) was obtained from Dr. S. Elledge; pSZ1 contains the 22-base pair UPR element that drives expression of lacZ (26) . Early log phase cells (A 660 nm ϭ 0.8 -2.0) grown in selective media (6.67 g/liter yeast nitrogen base w/o amino acids, 2% glucose plus the appropriate drop-out mixture of amino acids) were used for all experiments.
Plasmid Construction-The parental FET3-and FTR1-containing plasmids (based on pGBT9 and pGAD424, respectively) used for the initial yeast two-hybrid studies were obtained from Professor Takashi Ito (University of Tokyo) (13) . The FET3 open reading frame 3Ј to the GAL4 DNA binding domain was modified by excising the first 63 nucleotides that encode the ER signal sequence in Fet3p (27) . This vector and the truncation mutants in Gal4 DBD:Fet3p and Gal4 AD:Ftr1p-producing plasmids were created by using a "looping out" approach using the Stratagene QuikChange kit. In this approach a primer was designed so that ϳ20 bases annealed immediately 3Ј of the region to be excised, and ϳ20 bases annealed immediately 5Ј of that region. The FET3-containing pRS416 plasmids (28) used in this study were derived from pDY133 (11) . The FTR1-containing plasmids were derived from p703FTR1, a pRS415 vector containing the 2.2-kilobase FTR1 transcription unit (6). The FET3:G/C/YFP-and FTR1:G/YFP-containing plasmids were created by cloning the respective fluorescent protein encoding sequences in-frame at the carboxyl termini of full-length FET3 and FTR1 in the plasmids pDY133 and p703FTR1, respectively. The truncation mutants in these plasmids were created by looping out as described earlier. The plasmid used for assessing the FRET between Ctr1p monomers was constructed by amplifying the CTR1 open reading frame from genomic DNA with flanking BglII and XbaI sites that were used to replace the FET3 sequences in the FET3:CFP and FET3:YFP vectors above. The pGAL-Fet5HA plasmid used in this study was a gift of Dr. D. Eide (University of Wisconsin). The FTH1:GFP plasmid was a gift from Dr. R. Piper (University of Iowa). The chimeric plasmids used in this study were created by replacing Fet3p domains with the homologous domains of Fet5p using unique restriction sites created in FET3-and FET5-containing vectors by directed mutagenesis (QuikChange) and standard cloning techniques.
Yeast Two-hybrid Analyses-The pGAD-FTR1 and pGBT9-FET3 plasmids and their truncation and point mutant versions were co-transformed in the yeast strain SFY-526, which supports GAL4 promoterregulated expression of the reporter lacZ gene. The ␤-galactosidase assays in these transformants were performed as described (29) . For weak interactions, the yeast two-hybrid plasmid pairs were co-transformed in the yeast strain HF7C, which contains the GAL4 promoter regulating the HIS3 gene. The transformants were replica-plated onto synthetic complete-His-containing plates, and the strength of interaction was determined by replica-plating onto 3-aminotriazole-containing selective plates.
Confocal Fluorescent Microscopy-Yeast cells (1 ml) were grown as described, pelleted, washed once with phosphate-buffered saline, and resuspended in 100 l of the same buffer. Confocal images were obtained using a Bio-Rad MRC 1024 confocal system equipped with a 15-milliwatt krypton/argon laser and operating on a Nikon Optiphot upright microscope with an oil immersion 60ϫ 1.4 NA objective. Optical sections were acquired at 0.5 m, and xy resolution was set at 0.2 m using the instrument's Lasersharp Version 3.0 software. Nuclear chromatin and vacuolar membrane double-staining was achieved by incubating cells with DRAQ-5 (50 M) and FM4-64 (10 M), respectively. For G/YFP, images were recorded by excitation at 488 nm using a 522/32 emission filter. For FM4-64, excitation was at 568 nm using emission filter 585LP. For DRAQ-5, images were recorded by excitation at 647 nm using a 660LP emission filter.
FRET (30) -Starting with a colony from a fresh transformation plate, a culture was grown at 30°C to an A 660 approximately equal to 1.0 and then washed twice with 25 mM Tris, pH 6.8 (FRET buffer). Cells were re-suspended in FRET buffer to give a cell concentration of ϳ1.3ϫ10 8 cells/ml, and 3-ml aliquots were analyzed by scanning fluorometry in a 4.5-ml glass cuvette using a PerkinElmer Life Sciences Model LS50B luminescence spectrometer. For detection of cell autofluorescence, CFP fluorescence, FRET, and YFP fluorescence, an excitation wavelength of 425 nm ( max for excitation of CFP) was used, and emission was recorded between 450 and 610 nm (slits set at 4.0 nm). For detection of YFP fluorescence at the max for excitation of YFP, an excitation wavelength of 510 nm was used, and emission was recorded between 520 and 610 nm (slits set at 4.0 nm). The FL-Win Lab software, Firmware E5, was used to collect the emission spectra, which were the result of signalaveraged values from four scans.
Excel spreadsheets and Prism 4.0 by Graph Pad Software (San Diego, CA) were used subsequently to analyze the data as described by Overton and Blumer (30) with minor modifications. Specifically, control cells (no fluorescently tagged proteins expressed) and cells that co-expressed Fet3:CFP and Ftr1:YFP were irradiated at the max for excitation of CFP (425 nm). Both spectra were normalized using values obtained at 450-nm emission to adjust for differences in cell concentration. Emission at 450 nm from cells excited at 425 nm is the result of autofluorescence. There is no emission from CFP and YFP at 450 nm. The autofluorescence emission spectrum obtained from control cells was subtracted from the spectrum obtained with cells co-expressing Fet3:CFP and Ftr1: YFP, resulting in a CFP ϩ YFP emission curve (referred to as Curve 1 for convenience). This CFP ϩ YFP emission spectrum is a composite of CFP emission, YFP emission due to direct excitation at 425 nm, and YFP emission due to FRET.
Cells expressing only Fet3:CFP were irradiated at the max for excitation of CFP. This spectrum is normalized at 476 nm to give a CFP emission peak value identical to that of Curve 1. After normalization, the normalized CFP spectrum is subtracted from Curve 1. Subtracting the CFP curve results in a YFP emission spectrum (Curve 2) composed of a FRET component and another component due to direct excitation of YFP. The YFP component of Curve 2 that is due to the direct excitation of YFP at 425 nm must be subtracted from Curve 2 to obtain the YFP emission spectrum due only to FRET (the indirect excitation of YFP at 425 nm). The YFP emission spectra obtained from cells producing only Ftr1:YFP irradiated at 425 nm is subtracted from Curve 2. The YFP emission spectra of cells co-expressing Fet3:CFP and Ftr1:YFP versus cells expressing only Ftr1:YFP were normalized for differences in YFP expression level by irradiating these two types of cells at the max for YFP (510 nm) and recording their respective YFP emission spectra. Because CFP is not excited at this wavelength, these emission spectra quantify the level of only Ftr1:YFP. The ratio of the YFP emission peak heights of these two spectra was used to normalize the YFP emission spectrum due specifically to FRET. The product of this final multiplication step is the emission envelope due specifically to YFP excitation by CFP.
Two spectra obtained during the process of generating the FRET emission spectrum are used to calculate the apparent efficiency of FRET; they are the YFP emission spectrum due specifically to FRET and the YFP emission spectrum obtained by irradiating cells co-expressing CFP-and YFP-tagged proteins at the max for YFP, 510 nm. Apparent FRET efficiency is calculated by dividing the integrated area of the FRET spectrum by the integrated area of the YFP emission spectrum obtained by excitation at the max for YFP. This efficiency is apparent because in our analysis we did not take into account the quenching of CFP fluorescence by YFP (26) .
Oxidase and 59 Fe Uptake Assays-For oxidase assays (18), cells grown as described were collected by centrifugation and washed once with phosphate-buffered saline. The pellet was resuspended in 200 l of extraction buffer (150 mM NaCl, 25 mM Tris-HCL, pH 7.4, containing 4 l of fungal protease inhibitor mix from Sigma). To the mix 200 l of acid-washed glass beads were added and vortexed for 4 min at 4°C. After removal of large particles, homogenates were centrifuged at 16,000 ϫ g at 4°C for 30 min. Pellets were washed in extraction buffer, resuspended in buffer containing 1% Triton X-100, and kept on ice for 12 h. The mix was centrifuged at 16,000 ϫ g at 4°C for 30 min to yield a clarified extract. Extracts were stored at Ϫ20°C. Membrane protein extract (30 g of total protein, determined by Bio-Rad (Bradford) protein assay) in the absence or presence of CuSO 4 (50 M) was mixed with Laemmli sample buffer lacking dithiothreitol. The samples were applied to a 10% SDS/PAGE gel without prior heating and electrophoresed for 3 h at 80 V. The gel was then equilibrated with 50 volumes of 0.05% Triton X-100 in 10% (w/v) glycerol and soaked for an equal time in 5 volumes of 3 mM p-phenylenediamine dihydrochloride (Sigma) in 100 mM sodium acetate, pH 5.7. The gel was then placed in a humid chamber in the dark for at least 24 h and photographed. 59 Fe uptake was quantified at [
59 Fe] ϭ 0.2 M (ϷK m Fe ) at pH 6.0 in the presence of 20 mM ascorbate (reductase-independent uptake) as described (8) .
RESULTS

Identification of Fet3p⅐Ftr1p Interaction Motifs-An in vivo interaction between Fet5p and Fth1p in the yeast vacuolar membrane has been
documented by co-immunoprecipitation assay (13) . This pair of proteins was used as a positive control in a yeast two-hybrid analysis of the interaction between Fet3p and Ftr1p. In this assay the Gal4 DBD-containing vector (the bait) produced a carboxyl-terminal fusion to either Fet3 or Fet5 proteins that lacked their respective putative amino-terminal ER targeting signal sequence but were otherwise full-length. The Gal4 AD-containing vector (the catch) produced a carboxyl-terminal fusion to full-length Ftr1p or Fth1p. Consistent with the co-immunoprecipitation (13) and affinity trap results (12), the Fet5p⅐Fth1p pair did support His ϩ growth in the presence of up to 3 mM 3-aminotriazole and was scored as ␤-Gal ϩ in the standard strain background used. The
Fet3p⅐Ftr1p pair supported essentially the same qualitative results (Fig.  1A ). Neither pair supported the development of a measurable ␤-galactosidase activity in cell extracts; rather than indicating that the interaction between a ferroxidase and permease pair was intrinsically weak, this result was likely related to the use of the standard two-hybrid approach to assess an interaction between soluble chimeras of two proteins that normally are membrane-targeted. On the other hand, the interaction scored by this growth assay was specific in that the heterologous pairs, e.g. Fet3p and Fth1p, did not support the interaction-dependent His ϩ phenotype (Fig. 1A ).
Furthermore, this interaction between Fet3p and Ftr1p was localized to two regions of the two proteins at the least. These two regions are identified in the model shown in Fig. 2 of the putative Fet3p⅐Ftr1p heterodimer in the yeast plasma membrane. First, a 3-aminotriazole-resistant interaction was demonstrated between the exocellular Fet3p MCO domain that includes the catalytic ferroxidase site of this enzyme and the largest of the exocellular loops in Ftr1p (designated loop 6) as bait and catch fusions, respectively; this result is shown in Fig. 1B . The 60-residue exocellular loop 6 element was targeted in this assay since a 246 DASE 249 motif in it is required for iron permeation through Ftr1p, iron that is generated by Fet3p (8) . A conformational correlate of this functional relationship was suggested, i.e. that the MCO ferroxidase portion of Fet3p (residues 21-555) and the DASE-containing loop in Ftr1p (residues 231-291) were spatially adjacent in the Fet3p⅐Ftr1p complex (see the illustration in Fig. 2) ; this two hybrid result supports this inference. The DASE motif per se was not required for the interaction since the latter persisted in a 246 NASQ 249 loop 6 mutant construct (Fig. 1B) . Note that the other two exocellular loops in the Ftr1p topologic map were not effectively trapped by the Fet3p multicopper oxidase domain (Fig. 1B) . This result supported the conclusion that the interaction scored between the Fet3p MCO domain and loop 6 from Ftr1p, although not strong, was specific.
The second specific interaction between Ftr1p and Fet3p was due to the carboxyl-terminal cytoplasmic domains of the two proteins. As quantified by the standard ␤-galactosidase activity assay on cell extracts, these peptides gave rise to the strongest interaction, as shown in Fig. 3A , where the notation CT denotes this carboxyl-terminal sequence. Again, heterologous interactions did not occur, e.g. between the cytoplasmic carboxyl termini of Fet3p and Fth1p; in contrast, a specific interaction between Fet5p and Fth1p was localized also to the cytoplasmic, CT domains of these two proteins (Fig. 3A) . In summary, these two-hybrid analyses demonstrate that at the least Fet3p and Ftr1p interact via the specific exocellular and cytoplasmic contacts noted here.
The sequence elements in the two protein carboxyl termini involved in or required for this cytoplasmic interaction were identified by a combination of truncation and point mutation analyses. Thus, removal by deletion (or point mutagenesis) of residues 581 YGMM 584 in the Fet3p CT domain (Fig. 3B) or of 317 RRGH 320 in the corresponding domain in Ftr1p (Fig. 3C ) abrogated the characteristic interaction between these two domains as measured by the two-hybrid analysis. These regions of Fet3p and Ftr1p are diagrammed in Fig. 2 ; they are located in the cytoplasm adjacent to the predicted membrane-cytoplasm interfaces for Ftr1p and Fet3p (8) . 3 Deletion or point mutagenesis of no other sequence element in the cytoplasmic domain of either protein had this type of negative effect on the Fet3p⅐Ftr1p interaction. For example, this interaction was relatively insensitive to deletion of residues 585-588 in Fet3p (Fig. 3B ) or alanine substitution of residues 321-324 in Ftr1p (Fig.  3C ). This result suggests that insofar as the interaction between Fet3p⅐Ftr1p is due to the respective carboxyl-terminal domains, these two four-residue sequence regions at the cytoplasm-membrane interface of the two proteins are primarily responsible.
Fet3p⅐Ftr1p Interaction Motifs Are Required for Protein Trafficking to the Yeast Plasma Membrane-
The relationship between this apparent protein-protein interaction and the trafficking of the Fet3p⅐Ftr1p complex to the yeast PM was assessed by visualization of the cell locale of fluorescent fusions of wild type and mutant Fet3 and Ftr1 proteins. Well known is the fact that PM targeting of one of the pair requires the production of the second (6, 8, 11, 21) ; this trafficking co-dependence is illustrated in Fig. 4A in which cells producing GFP or YFP fusions of one protein in the absence or presence of untagged versions of its partner are visualized by confocal fluorescence microscopy. Note that these fluorescent fusions are fully wild type in support of iron uptake activity (8) . Truncations of the Fet3 or Ftr1 proteins in these fusions were constructed by looping-out progressively larger regions of the respective cytoplasmic domains working in from the carboxyl terminus. In Fet3p, even the deletion of as many as 48 of the predicted 56 cytoplasmic carboxyl-terminal residues had no effect on trafficking (Fig. 4B, Fet3 (1-588):GFP). This behavior was consistent with the fact that the interaction between Fet3p and Ftr1p was confined to cytoplasmic carboxylterminal residues in Fet3p adjacent to the cytoplasmic membrane face 3 Of course, the precise membrane-cytoplasmic interfaces for the single Fet3p TM and for the last carboxyl-terminal TM in Ftr1p have not been experimentally determined. The model shown in Fig. 2 is based on the results from eight different algorithms that predict transmembrane domains in eukaryotic proteins; in addition, published data has fairly well confirmed the topology of Ftr1p (cf. Ref. 8) . As for Fet3p, these algorithms do differ with respect to the locale of Tyr-581 and Gly-582 with three algorithms placing these two residues in the cytoplasm and two predicting them to be at the amino-terminal end of the TM. Two other algorithms split the difference, predicting Tyr-581 to "cap" the helix at the cytoplasm, membrane interface. ( Fig. 3B ). Also consistent with the two-hybrid results was the fact that deletion of this region did abrogate trafficking (Fig. 4B, second image) as did alanine substitution into the eight residues of this region (Fig. 4B,  third image) . More targeted alanine substitution localized this trafficking dependence primarily to Fet3p residues 581-584; whereas Fet3( 585 A 4 588 ) exhibited strong PM localization with little if any perinuclear (ER) retention, Fet3( 581 A 4 584 ) was retained predominantly within the ER (Fig. 4B , compare the last two images).
Ftr1(1-324):YFP trafficked normally to the PM, indicating that the carboxyl-terminal region inclusive of residues 325-404 was not required for this process (Fig. 4C, first :GFP failed to localize to the PM and were retained in the perinuclear space and in ER-associated membranes (Fig. 4C, second two  images) . In contrast, Ftr1( 321 A 4 324 ):GFP was fairly efficiently localized to the PM, indicating that residues 317-320 in Ftr1p were the most critical in supporting the trafficking of the Fet3p⅐Ftr1p complex to the yeast plasma membrane. Again, these residues are just those implicated by the two-hybrid analysis as involved in a Fet3p⅐Ftr1p interaction (Fig.  3C) .
In these and subsequent confocal fluorescent images it is important to distinguish between PM localization versus localization to (retention in) ER that is contiguous to the PM. A significant fraction of the endoplasmic reticulum in yeast (and in eukaryotic cells in general) is adjacent to the inner leaflet of the PM and makes contact with it at membrane contact sites (31, 32) . Because this close apposition of the PM and ER membranes is discontinuous, fluorescence from tagged proteins in the ER membrane associated with these membrane contact sites appears discontinuous and "patchy." With respect to the Fet3p⅐Ftr1p trafficking being examined here, perinuclear ER fluorescence is commonly (although not always) accompanied by some fluorescence adjacent to the PM. This correlation is demonstrated nicely by the images in Fig. 4C To highlight the perinuclear region (and to distinguish it from the vacuolar one), the latter confocal images in Fig. 4C were collected from cells that were co-stained with DRAQ-5 (chromatin, staining blue) and FM4-64 (vacuolar membrane, staining red). As noted, the first two alanine-substituted Ftr1 proteins shown were strongly retained in perinuclear compartments, whereas the last one, Ftr1( 321 A 4 324 ):GFP, was absent from this compartment and uniformly localized to the PM.
FRET Demonstrates the Spatial Proximity of Ftr1p and Fet3p in the Yeast Plasma Membrane-The data above demonstrate that Fet3p and
Ftr1p interact through specific sequence motifs localized in both the exocellular and cytoplasmic domains. The data show also that the cytoplasmic motifs are required for the trafficking of the two proteins to the PM. However, these data do not show explicitly that the interaction FIGURE 3. Yeast two-hybrid analysis of the carboxyl-terminal ferroxidase-permease interaction. In each experiment the Gal4 DBD:ferroxidase bait is given first followed by the Gal4 AD:permease catch. A, ␤-galactosidase production as a measure of the interaction between the CT domains of the two pairs of ferroxidase and permease proteins in S. cerevisiae as indicated in reporter strain SFY-526; values are given in the standard Miller unit (29) and represent the means (ϮS.D.) from two experiments with samples done in triplicate. These CT domains included Fet3p residues 581-636 and Ftr1p residues 314 -404, respectively (see Fig. 2) . B and C, ␤-galactosidase production as a measure of the interaction between these two CT domains carrying truncations or mutations in Fet3CT (B) or Ftr1CT (C) as indicated. The cells contained the proteins as indicated for each image. A, demonstrating the protein co-dependence required for PM localization. B, residues 581-584 in Fet3p are required for PM trafficking. C, residues 317-320 in Ftr1p are required for PM trafficking. Note that the patchy protein localization appearing near the PM that correlates with significant perinuclear retention represents Fet3p⅐Ftr1p species that are in the fraction of ER membrane that is at or in contact with the yeast plasma membrane (31, 32) . This pattern is not to be mistaken for normally trafficked, PM-localized complex that gives rise to an even, continuous ring of cell fluorescence (cf. panel B, compare Fet3(⌬581-588): GFP, which doesn't traffic to the PM, to Fet3(1-588):GFP, which does; the second and first images, respectively). In the last three samples the localization of the protein fluor relative to the nucleus and vacuole is highlighted by co-staining with DRAQ-5 (chromatin, staining blue) and FM4-64 (vacuolar membrane, staining red).
indicated by the two-hybrid analysis is actually part of a Fet3p⅐Ftr1p complex in the PM, although this interaction could be inferred. We used FRET between Fet3:CFP and Ftr1:YFP to demonstrate that the two proteins were, in fact, in close proximity in the PM if not in an actual protein-protein complex. These FRET spectra were obtained following the protocol developed by Overton and Blumer (30) as described in detail under "Materials and Methods."
We first performed a FRET control by co-producing Ctr1:CFP and Ctr1:YFP in yeast under control of the FET3 promoter as for our Fet3p⅐Ftr1p fusions. Ctr1p is the yeast high affinity copper transporter and is known to form a homodimer in the yeast plasma membrane at the least (33); these Ctr1p fusions provide a positive control for our experiments with Fet3p and Ftr1p. Also, they provide a negative control that demonstrates the specificity dependence of any FRET signal we detect, e.g. by the lack of FRET from the combination of Fet3:CFP and Ctr1: YFP. Indeed, the FRET spectra shown in Fig. 5 fulfill these expectations; whereas no FRET was observed between an iron uptake protein (Fet3: CFP) and a copper uptake protein (Ctr1:YFP) (red trace), FRET was clearly seen between the Ctr1p fluorescent fusion pairs (green trace) and, most importantly, between Fet3:CFP and Ftr1:YFP (blue trace).
The FRET spectra from the combination of Fet3:CFP and Ftr1:YFP or carboxyl-terminal truncations of the two proteins were analyzed in detail. The FRET spectra in Fig. 6A show that the YFP emission stimulated by the full-length Fet3(1-636):CFP increases as the carboxyl-terminal Ftr1p "linker" to the YFP fluor is systematically shortened from the wild type Ftr1p(1-404) to the minimal Ftr1p(1-324) that supports trafficking of the complex to the yeast plasma membrane (cf. Fig. 4C , first image). A corresponding increase in the FRET emission is seen upon truncation of the carboxyl-terminal linker in Fet3:CFP; this behavior is illustrated by the FRET spectra for the same series of Ftr1:YFP species but with excitation from Fet3(1-600):CFP (Fig. 6B) . Note the ordinate scale difference that shows this truncated donor supports approximately twice the energy transfer than that seen with the fulllength Fet3p. Together, these serial truncations afford a maximum efficiency of ϳ13% for the Fet3p and Ftr1p fusions that contained 19 and 10 carboxyl-terminal amino acid residues, respectively, between the cytoplasmic membrane face and the fluorescent protein tag. This progressive increase in FRET efficiency is quantified in Fig. 6C . Note that confocal images like those shown in Fig. 4 demonstrated that the fluorescence quantified in these spectral envelopes was due to fusion proteins in the PM only.
We carried out one experiment to determine whether the FRET spectrum was altered by the deletion of the carboxyl-terminal motifs in Ftr1p that support the interaction scored by the two-hybrid analysis (Fig. 3) and required for trafficking of the complex out of the ER (Fig. 4) . Indeed, the FRET efficiency was reduced by 50% for both the Fet3:CFP, Ftr1(⌬317-320):YFP and the Fet3:CFP, Ftr1(⌬315-334):YFP pairs (Fig.  7, green and purple traces, respectively) . The most dramatic decrease observed was with Fet3(⌬581-588):CFP, which failed to support any FRET to Ftr1 (1-369):YFP (Fig. 7, red trace) . The decrease in FRET with these deletions is consistent with the inference that a loss or decrease in protein-protein interaction does occur with these mutant proteins and/or that proteins retained in the ER are, in general, further apart. Note that in quantifying FRET, one quantifies the specific fluorescence emission from both donor and acceptor fluors, thus quantifying the relative abundance of the fusion proteins ("Materials and Methods"). The production of the Fet3 and Ftr1 variants examined in this experiment varied by less than 10 percent based on this criterion.
Interaction, Trafficking, and Activity in the Fet3p⅐Ftr1p
Iron Uptake Complex-The data presented above that correlate the Fet3p⅐Ftr1p interaction with PM localization do not provide any information about the activity of the complex in iron uptake even if the proteins do appear to traffic normally. Thus, 59 Fe-uptake assays were conducted in cells expressing all of the protein pairs discussed above; some of these results are summarized in Table 1 . Also, cell extracts from transformants were prepared in the absence of added copper and tested for oxidase activity using a standard in-gel assay (18) . Some results of this analysis are shown in Fig. 8 and summarized in Table 1 also. The pattern suggested by these data is that PM localization of a Fet3p⅐Ftr1p complex correlates generally, but not without exception, with in vivo copper activation of the Fet3 protein. For example, the weak or absent PM localization of complexes that include Ftr1 proteins lacking the 317 RRGH 320 motif correlates with weak or absent activation of the Fet3p component of the complex (Fig. 8) . On the other hand, Ftr1p(1-319) supports detectable, albeit limited PM localization of Fet3:GFP, but this ferroxidase protein exhibits no oxidase activity. Furthermore, the inability of Ftr1p(1-324) to support 59 Fe uptake despite a PM localization of the complex and the copper activation of the partner Fet3p indicates that some motif within the Ftr1p sequence, residues 319 -324, is required for full oxidase, permease complex activity in iron uptake (Table 1 , second entry). The basis of this dependence was not elucidated in these studies.
Distinguishing between Fet3p and Fet5p in Targeting and Activation-Fet3p and Fet5p are 47% identical and 65% similar in sequence. However, the MCO domain of Fet3p is highly glycosylated, whereas the homologous domain in Fet5p is much less so; this difference conforms to the exocellular orientation of the ferroxidase domain in Fet3p in comparison to the luminal orientation of the corresponding Fet5p domain in the vacuole. As a complement to the studies above that investigated the trafficking motifs in Fet3p and Ftr1p directly, we proposed that by characterizing the targeting and copper-dependent activation of chimeras composed of Fet3p and Fet5p domains, we would obtain some information about those motifs that were specific to Fet3p as a PM-localized yeast ferroxidase and its specific assembly with Ftr1p.
The experimental strategy was to construct chimeras consisting of motifs from Fet3p and Fet5p, chimeras that were tagged with GFP to provide a means to both localize the chimeras in the cell by confocal fluorescence microscopy and quantify them by Western blot analysis. In addition, the activity of a chimera was qualitatively assessed using the standard in-gel oxidase stain; the ability of a chimera to support iron uptake was quantified as well. A qualitative summary of these data is given in Fig. 9A ; representative confocal images are provided in Fig. 9B .
Obviously, to support iron uptake a chimera had to traffic to the PM and had to exhibit (ferr)oxidase activity; there were no exceptions to these minimum criteria among the four chimeric proteins tested, C1-C4. The correlation between PM trafficking and copper activation (as indicated by oxidase activity) was weaker in that C4 was traffickingcompetent but oxidase (and uptake)-negative. The more subtle and informative behaviors were as follows. First, trafficking, activation, and assembly of an uptake-competent Fet protein-Ftr1p complex in the PM were independent of the TM domain, as indicated by the phenotype of C1. C1 is Fet3p with its transmembrane domain replaced by the TM from Fet5p; this chimera trafficked to the PM, had oxidase activity, and supported reasonable, although not wild type 59 Fe uptake. This phenotype contrasts with the ER retention of the C2:GFP⅐Ftr1p complex, which is chimeric in Fet3p only with respect to a cytoplasmic CT substitution from Fet5p. This second result was consistent with the several observations indicating that a key targeting sequence motif in Fet3p The combinations of Fet3p and Ftr1p species as indicated were produced in strain AJS05, and cell extracts of these transformants were prepared in the absence of added copper. The samples were separated by electrophoresis in the absence of reducing agent and without prior boiling; oxidase activity was detected by incubating the gels with p-phenylenediamine for 24 h in the dark (18) .
consisted of residues 581 YGMM 584 , which in C2 were replaced by the Fet5p sequence, 591 QYGIG 595 . This result was also consistent with the absence of a detectable interaction between the Fet5p CT and the Ftr1p CT as scored by the two-hybrid analyses (Fig. 3A) .
The third result of interest was the differential localization of the two chimeras that contained all or part of the Fet5p MCO domain. Chimera 3 (C3) contained only the Fet3p signal sequence (residues 1-21) (SS, in Fig. 9A ) from the MCO domain of this protein, whereas chimera 4 (C4) consisted of Fet3p residues 1-72 and all residues distal to E500 (see Fig.  9A ). Although C3 failed to leave the ER, C4 did traffic to the PM (Fig. 9B , compare the third to last image). In addition to this localization, however, and unlike any of the other Fet3⅐Ftr1 proteins examined, C4:GFP was seen in the vacuolar lumen, also as indicated by the strong GFP fluorescence in this organelle.
This localization appeared to result from the retrieval from the PM of the iron permease complex containing C4; vacuolar fluorescence was strongly reduced if not eliminated when the permease complex containing this chimera (along with Ftr1:GFP) was produced in an end3 background (data not shown). End3p and End4p together support receptormediated and fluid-phase endocytosis in S. cerevisiae (34) . Irrespective of the genetic background, however, this PM-localized chimeric ferroxidase-permease complex was 59 Fe-uptake-negative. This result corresponded to the fact that, although trafficking-competent, C4 was inactive as an oxidase (data not shown). The lack of 59 Fe uptake supported by C4 and its lack of oxidase activity, unlike the chimera's cell locale, were not different in the end3 mutant strain in comparison to wild type.
DISCUSSION
The essential coupling of Fe(II) oxidation by Fet3p to the permeation by Ftr1p of the Fe(III) produced is reasonably ascribed in part to the close association of the two proteins in the yeast plasma membrane. The data here provide explicit support for this inference. First, although Fet3p and Ftr1p have not been successfully co-immunoprecipitated, in a two-hybrid analysis of their interaction they behave qualitatively if not quantitatively like the Fet5p⅐Fth1p pair whose interaction has been detected by co-immunoprecipitation methods (13) . Second, this interaction is specific in that it is not seen between paralogous pairs of proteins on the one hand and can be attributed to specific motifs in Fet3p and Ftr1p on the other. In particular, the relatively robust interaction between the carboxyl-terminal domains of Fet3p and Ftr1p has been attributed to a specific set of amino acid residues; in addition, this carboxyl-terminal interaction has been demonstrated in the Fet5p⅐Fth1p pair with again no interaction observed across paralogous species, e.g. between the Fet5p and Ftr1p CT domains. This latter behavior is consistent with the fact that a Fet3p chimera in which its CT domain has been replaced by the corresponding domain from Fet5p does not traffic Ftr1p to the plasma membrane. Last, the FRET efficiencies quantified for Fet3p⅐Ftr1p pairs that are interaction-and trafficking-defective are reduced from 50 to 100%, reflecting either an alteration in the conformation of the Fet3p⅐Ftr1p complex or a reduction in the steady-date level of the complex in the ER membrane.
This specific interaction between Fet3p and Ftr1p in the ER membrane is required for the complex to permanently leave the ER. Sato et al. (21) have shown by pulse-chase experiments that Fet3p produced in the absence of Ftr1p traffics to the cis-Golgi but then is recycled to the ER (21) . This retrograde transport is dependent on the Rer1 protein and a single serine residue in the Fet3p TM domain. Thus, Fet3p(S567L), when produced in a ftr1⌬ strain, is not retrieved from the Golgi and subsequently is targeted for vacuolar degradation. A similar fate awaits (21) is supported and extended by two results presented here. First, the formation of a stable Fet3p⅐Ftr1p complex in the ER and/or Golgi membrane (one that effectively masks the Rer1p recognition motif) does not depend on the precise sequence of the transmembrane domain in the ferroxidase component at the least. This is indicated by the fact that Fet3p Chimera 1 (C1), which contains the Fet5p TM, traffics the ferroxidase-permease complex to the PM and supports iron uptake. Note that the Fet3p and Fet5p TM domains are 97% similar with Ser-567 in Fet3p conserved in Fet5p (S578). This alignment is shown below highlighting the homologous serine residues.
Second, the two-hybrid results indicate that the iron uptake complex (whether wild type or containing C1) is stabilized by an interaction between the carboxyl-terminal domains of the two proteins, specifically the residues adjacent to the cytoplasmic membrane face. On the other hand, the fact that this C1⅐Ftr1p complex supports only 25% of wild type iron uptake activity does suggest that it is not fully wild type in function; scanning spectrofluorometric analysis of cells producing C1:GFP indicated that the abundance of this complex in the plasma membrane was ϳ60% of wild type Fet3:GFP, a result consistent with Western blot analysis of cell extracts. These results indicate that some fraction of ϳ75% loss in uptake activity supported by C1 is structural in origin. Our data, however, provide no insight as to how the complex has been perturbed by this domain substitution.
Certainly one of the compelling findings presented here is that Fet3p and Ftr1p are closely enough associated in the yeast plasma membrane to support fluorescence resonance energy transfer between fluors appended to the carboxyl-terminal domains of the respective proteins. A particularly satisfying result was the increase in apparent FRET efficiency from ϳ4 to ϳ13% as the cytoplasmic linkers to the donor and acceptor fluorophores were reduced in length. By way of comparison, FRET efficiencies in the ␣-factor receptor oligomers (the STE2 gene product) fall in the range of 11-18% (35) and are as large as 25% for the human C5a receptor when expressed in yeast (36) . That FRET in the Fet3p⅐Ftr1p complex can achieve the efficiency seen in the former complex is significant given the well established quaternary structure of these G protein-coupled receptors.
A FRET efficiency of 15% corresponds to a distance between the GFP and YFP fluorophores of ϳ65 Å (with R 0 for these chromofluors of 49.2 Å). Taking into account the ϳ15Å radius of GFP and its homologs, the minimum achievable distance between the fluors is ϳ30 Å; in the case of these truncated fusions of Fet3p⅐Ftr1p the apparent association of the two proteins in the PM brings the fluorescent protein domains within a distance nearly equivalent to the sum of their radii. FRET efficiency of this magnitude and its inverse correlation with linker length most reasonably indicate that Fet3p and Ftr1p do in fact interact in the yeast PM. Note that the qualitative analysis carried out here does not provide the precise FRET efficiency so does not provide a true distance measurement (the quenching of the emission from the CFP by FRET was not quantified). However, the mere presence of observable FRET (which puts an upper limit on the distance between the fluors) is strong evidence that the interaction between Fet3p and Ftr1p indicated by the two hybrid data does occur in vivo.
In our use of Ctr1p as a control for our FRET experiments we have demonstrated in live cells the interaction between Ctr1p monomers indicated by co-IP and chemical cross-linking results (33) . As a positive control, Ctr1:YFP exhibits FRET with Ctr1:CFP although the apparent efficiency is less than that observed for the Fet3p⅐Ftr1p pair. As a negative control, no FRET was observed when the donor and acceptor fluors were fused to uptake proteins associated with the handling of different metal ions. This result shows that the Ctr1p and Fet3p monomers are not closely proximal in the yeast PM in addition to indicating that the FRET observed for the partner proteins (Fet3p and Ftr1p; the Ctr1p monomers) does reflect a specific physical proximity if not interaction.
One caveat to the correlation between the two-hybrid and protein trafficking results that has been made here needs to be emphasized. The data are fairly clear in regard to the role that the membrane-adjacent carboxyl-terminal sequences in Fet3p and Ftr1p play in the interaction registered by the former assay. Although these two hybrid results do not show definitively that these four residues in the two domains are sufficient for this protein-protein interaction, the results clearly show that they are required for it. However, the correlation of this result with the protein trafficking pattern is complicated by the position of these residues relative to the cytoplasm-membrane interface; specifically, there are no data that exclude the possibility that one or more of the residues in either or both sequences are actually within and part of the membrane-spanning domain. Mutation or deletion in this case might very well prevent correct membrane insertion and/or protein folding and thereby lead to a failure of the complex to successfully leave the ER irrespective of a Fet3p⅐Ftr1p interaction or lack thereof.
We did make use of a reporter plasmid for the ER-UPR in cells producing versions of Fet3p and/or Ftr1p that contained deletions or mutations the carboxyl-terminal region of either protein that is found in the cytoplasm adjacent to the plasma membrane; in none of these cases was any activation of the lacZ gene by the 22-base pair UPR cis element contained in the reporter plasmid pSZ1 observed (negative results not shown) (26) . For comparison, misassembly of mutant Ctr1p monomers and their retention in the ER induced a strong UPR in yeast (37) . We also note the wild type trafficking behavior of the Fet3p Chimera 1 that contains the TM from Fet5p and the failure to traffic in the case of the Fet3p Chimera 2 that contains the carboxyl terminus from Fet5p. If the presumed membrane-adjacent residues in the two proteins were actually part of the TM (and this was their sole role in regard to trafficking), then one would expect that both chimeras would be membrane insertion-competent, not just the FetpMCO-Fet5pTM-Fet3pCT chimera. Given the lack of a signal from the unfolded protein response, the simplest model is that both chimeras insert correctly, but only the one containing the requisite interaction motif in the carboxyl terminus successfully leaves the ER.
However, as illustrated by the behavior of the Fet3-Fet5p, Chimera 4 (C4) leaving the ER and trafficking to the PM does not ensure correct protein processing including copper activation. The behavior of this chimera was noteworthy in two, likely interrelated ways. First, this Fet species was not activated in vivo and was not successfully activated by the addition of copper in vitro. Second, the complex of this chimera with Ftr1p apparently was retrieved from the PM by endocytosis and thereby targeted to the vacuole, presumably for degradation. These two behav-SEQUENCE 1 iors could be due to a lack or difference in glycosylation of the Fet5p MCO that this chimera contains. Whereas the Fet3p MCO contains 13 N-linked sites of glycosylation (27) , the MCO from Fet5p likely contains only 8 (13, 14) . Underglycosylation of Fet3p due to mutagenesis of several of its 13 Asn residue N-acetylglucosamine acceptors sites blocks the trafficking and activation of the protein. 4 A similar defect in copper activation has been noted for tyrosinase mutants that lack more than two of the four protein N-linked glycosylation sites, a defect that was attributed to a local conformational perturbation caused by the absence of the normal glycan (38) .
Copper activation in the Fet3p processing pathway occurs in the trans-Golgi or in post-Golgi vesicles (16) . Given the fact that the apoFet3p⅐Ftr1p complex produced in a copper-deficient yeast cell is stably localized to the PM, the retrieval of the C4⅐Ftr1p complex from the PM and its targeting to the vacuole does not result from the lack of copper activation per se. This abnormal trafficking is more likely due to some structural feature of the Fet protein in the complex that both blocks copper binding and destabilizes the complex. We suggest that the underlying defect is some essential glycosylation that this chimera lacks that in turn alters the protein-protein interactions necessary to support a yet to be identified glycan-dependent conformation of the wild type Fet3p⅐Ftr1p complex.
